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can turn on a gene either by causing an
activator to bind to a promoter or by
causing a repressor to detach, with iden-
tical results. Similarly, a neural circuit
can be activated directly, by excitatory
inputs, or indirectly, by relief from inhibi-
tion. Is it just a historical accident that
some processes are regulated positively
and others negatively?
The demand rule argues that it is not.
Rather, the rule proposes that the
frequency with which a gene product or
a behavior is needed dictates the choice
of regulatory mechanism (Savageau,
1977). Selection minimizes the cost of
control and maximizes fault tolerance.
Keeping the SP sensors (or their efferent
synapses) ON in the premating and OFF in
the postmating state (Figure 1) may
achieve these goals more cheaply or
robustly than the converse arrangement.
The seemingly peculiar logic of SP
signaling could thus turn out to be just
another sign of the finesse with which
evolution has wired the female fly for
propagating the species.
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Mitochondrial transport in neurons and their spatial distribution among synapses are directly correlated with
synaptic activity. One paper in this issue ofNeuron (MacAskill et al.) and two papers recently published inCell
(Wang and Schwarz) and PNAS (Saotome et al.) provide compelling evidence that Miro serves as a calcium
sensor that controls mitochondrial mobility.Neurons require specialized mechanisms
to regulate the transport and retention
of mitochondria in the vicinity of active
growth cones, nodes of Ranvier, and
synaptic terminals, where energy produc-
tion and calcium homeostasis capacity
are in high demand (Hollenbeck and Sax-
ton, 2005). In addition to aerobic ATP
production, mitochondria are associated
with certain forms of short-term synaptic
plasticity by buffering Ca2+. Synapticstructure and function are highly plastic
and undergo activity-dependent remodel-
ing, thereby changing the demand for
mitochondria.
Anterograde transport delivers mito-
chondria to distal sites of neuronal
processes, while retrograde transport
returns mitochondria to the cell body.
Long-distance transport depends on
microtubule (MT)-based motor proteins.
While cytoplasmic dynein motors driveNeuron 61,retrograde movement, Kinesin-1 (KIF5)
was the first identified motor for antero-
grade transport of mitochondria (Tanaka
et al., 1998; Pilling et al., 2006). In order
to accommodate specific delivery ofmito-
chondria to axons and synapses, neurons
must employ mechanisms that attach the
organelles to molecular motors. Several
adaptors, including Miro-Milton (Stowers
et al., 2002; Glater et al., 2006) and synta-
bulin (Cai et al., 2005), havebeen identifiedFebruary 26, 2009 ª2009 Elsevier Inc. 493
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Previewsfor linking mitochondria to the KIF5 motor
in neurons.
Neuronal mitochondria display distinct
saltatory and bidirectional movements.
The transition between mobile and
stationary status is tightly regulated to
respond to altered intracellular [Ca2+]i or
released neurotransmitters (Yi et al., 2004).
Ca2+ influx occurs at presynaptic terminals
and postsynaptic dendritic spines, where
mitochondria are often retained tomaintain
Ca2+ homeostasis by providing ATP to
pump Ca2+ across the plasma membrane
or by direct uptake of Ca2+ into mitochon-
dria. In cultured neurons, mitochondrial
movement was increased by the action
potential blocker tetrodotoxin, but reduced
by KCl depolarization (Li et al., 2004) and
Ca2+ influx through NMDA receptors (Rin-
toul et al., 2003).
How are motile mitochondria recruited
to the stationary pool in response to
elevated cytosolic Ca2+ and synaptic
activity? Recent advances in identifying
mitochondrial motor-adaptor transport
complexes provide molecular targets for
such regulation. Miro is a subfamily of
the Mitochondrial Rho GTPase (Miro 1
andMiro 2) located at the outer mitochon-
drial membrane and has two EF hand
Ca2+-binding domains (Fransson et al.,
2003). Three elegant studies published in
this issue of Neuron (MacAskill et al.,
2009) and recent issues of Cell (Wang
and Schwarz, 2009) and PNAS (Saotome
et al., 2008) independently identified Miro
as a Ca2+ sensor in regulating mitochon-
drial mobility. Their findings convincingly
showed that the KIF5-milton-Miro or
KIF5-Miro complex (probably linked to
GRIF-1/TRAK2) allowed mitochondria to
move along dendrites (MacAskill et al.,
2008, 2009) and axons (Wang and
Schwarz, 2009) of hippocampal neurons
or along MTs in a heart cell line (H9c2)
(Saotome et al., 2008). Elevated cytosolic
Ca2+ selectively inhibited mitochondrial
mobility. In neurons expressing the Miro
EF handmutated to prevent Ca2+ binding,
Ca2+-induced arrest of mitochondrial
mobility was efficiently blocked. Thus,
the new studies highlight the mechanisms
regarding how the mitochondrial motor-
adaptor coupling is regulated in response
to elevated intracellular Ca2+. Their find-
ings fill in a missing piece of the puzzle
and represent extremely promising
research in mitochondrial neurobiology.494 Neuron 61, February 26, 2009 ª2009 ElA critical question relevant to this Ca2+-
sensing mechanism is whether activation
of glutamate receptors recruits mitochon-
dria to activated synapses. To address
this, Kittler and colleagues (MacAskill
et al., 2009)extended theirstudiesby taking
three sophisticated approaches. First, they
demonstrated that mitochondria accumu-
lated near synapses following glutamate
application. This spatial redistribution was
dependent on Ca2+ binding to the Miro
EF hands. Next, instead of exogenously
appliedglutamate, theyusedelectrical field
stimulation to increase action potential
firing and synaptic activity in cultured
neurons. Thisstimulation resulted in revers-
iblydecreasedmitochondrialmobilityalong
dendrites and a reduced mean distance of
mitochondria from the nearest synapse.
These phenotypes depend on NMDA
receptor activation and extracellular Ca2+.
Furthermore, the authors applied a patch
pipette to locally stimulate a neuron, which
temporally retained mitochondria located
within a 15 mm region of axonal input. In
complementary work, Wang and Schwarz
(2009) examined the effects of glutamate
application and found that the percentage
of time dendritic mitochondria are in a
motile state was significantly decreased
by glutamate in neurons expressing wild-
type Miro. However, when expressing the
MiroEFhandmutant, this inhibition in either
anterograde or retrograde movement was
not observed. Thus, the results from both
groups provide consistent and strong
support for the view that activation of gluta-
mate receptors recruits mitochondria to
activated synapses through a Miro-medi-
ated Ca2+-sensing pathway.
A large increase in intracellular Ca2+ has
been implicated in some pathological
conditions and in glutamate-evoked
neuronal injury. Miro-dependent regula-
tion should enable neurons to efficiently
deliver mitochondria to the sites where
cytosolic Ca2+ is elevated, thus serving
as a neuronal protection mechanism.
Wang and Schwarz (2009) tested this
hypothesis by expressing the Miro EF
handmutant,whichpreventsCa2+binding
and cannot respond to elevated Ca2+.
They showed that exposure to NMDA
significantly reduced the survival rate of
neurons expressing the Miro mutant
compared to that of control neurons
expressing either GFP or wild-type Miro.
These observations provide compellingsevier Inc.evidence thatMiro-Ca2+-dependentmito-
chondrial redistribution protects neurons
from glutamate excitotoxicity.
Although these three papers converge
on a similar final conclusion, the proposed
mechanisms underlying Ca2+-dependent
regulation of motor-adaptor coupling are
different. MacAskill et al. (2009) proposed
that Miro1 mediates mitochondrial trans-
port by linking mitochondria to KIF5.
Altering Miro expression levels in neurons
changed the fraction of mobile mitochon-
dria in dendrites. Ca2+ binding to the
EFhandsdissociatedMiro fromKIF5while
GRIF-1/TRAK2 (a mammalian homolog
of milton) remains bound to Miro1 (Fig-
ure 1A). They further determined the IC50
at 1 mM free Ca2+ to disrupt Miro-KIF5
interaction in brain lysates, a substantially
higher value than the free [Ca2+]i baseline
in neurons (50 nM), but one that can be
reached just under the dendritic spines
when NMDA receptors are activated.
Thus, Ca2+ influx, by activating glutamate
receptors, can recruit mobile mitochon-
dria targeting to and being retained at
synapses.
In contrast, Wang and Schwarz (2009)
proposed a motor-adaptor switch model.
The previous studies from the Schwarz
group demonstrated the existence of a
motor-adaptor complex containing the
kinesin-1 heavy chain (KIF5) and Miro
and Milton proteins, and this complex is
critical formitochondrial transport in axons
(Glater et al., 2006). To address how the
Ca2+ signal can affect this complex and
change mitochondrial mobility, they per-
formed well-designed experiments. They
showed that, in the absence of Ca2+, the
C-terminal tail of KIF5 was bound to
the mitochondrion by interacting with the
milton-Miro complex, thus leaving its
N-terminal motor domain free to engage
with MTs, allowing anterograde transport.
Upon Ca2+ binding to the EF hands,
a conformational change was induced,
resulting in direct interaction of the motor
domain with Miro and preventing KIF5-
MT interaction (Figure 1B). Thus, through
a Ca2+-binding switch mechanism to turn
‘‘on’’ or ‘‘off’’ the motor-MT engagement,
mitochondrial mobility is tightly regulated
in response to synaptic activity.
At first glance, the two models leave
open to debate whether KIF5 is recruited
to mitochondria directly by milton or Miro.
The two closest homologs of Drosophila
Neuron
Previewsmilton inmammals are GRIF-1/TRAK2 and
OIP106/TRAK1, and Drosophila KHC is
equivalent to mammalian KIF5. MacAskill
et al. (2008) recently reported that GRIF-1
contains both KIF5- and Miro-binding
domains and is recruited to mitochondria
by interacting with Miro. Expressing
GRIF-1 enhances mitochondrial transport
to distal neuronal processes. Thus, GRIF-1
likely plays a role similar to that of milton
as a KIF5 adaptor, raising the question
whether Miro links KIF5 to mitochondria
independent of GRIF-1 in vivo. A second
disputebetween the twomodels iswhether
KIF5 remains on mitochondria after their
movement is arrested. Wang and Schwarz
(2009) showed that, in living neurons,
fluorescently labeled KHC remained asso-
ciated with both stationary and mobile
mitochondria in axons at both resting and
elevated Ca2+conditions. These findings
are hard to reconcile with the in vitro
biochemical observations that Ca2+
induced the detachment of KIF5 frommito-
chondria (MacAskill et al., 2009). It is clear
that different biochemical and cell-
biological approaches applied in the two
studies may account for some discrepant
findings. It would be technically chal-
lenging using biochemical approaches to
examine whether KIF5 motor attaches to
or releases from mitochondria isolated
from dendritic spines, where glutamate-
induced local elevation of cytosolic Ca2+
occurs. Thus, it is more physiologically
relevant to image GFP-KIF5 on mobile
and stationarymitochondria near activated
synapses of live neurons.
One consistent observation from all
three groups is that the EF hands of Miro
Figure 1. Schematic Models of Miro as a Ca2+ Sensor in Regulating Mitochondrial Mobility
(A) Ca2+ binding detaches KIF5 from mitochondria. Mitochondrial transport is mediated by linking Miro to
KIF5. Ca2+ binding to the EF hands dissociates Miro from KIF5 while KIF5-binding protein GRIF-1/TRAK2
(a mammalian homolog of milton) remains bound to Miro1 (MacAskill et al., 2008, 2009).
(B) Ca2+ binding turns ‘‘off’’ KIF5 engagement with MTs. The tail of KIF5 is linked to Miro via milton in a
Ca2+-independent manner, thus leaving its motor domain to engage with MTs. Ca2+ binding to the
EF hands triggers the direct interaction of the motor domain with Miro, thus preventing the motor from
engaging with MTs (Wang and Schwarz, 2009).Neuron 61mediate Ca2+-dependent arrest of bidi-
rectional transport. Is Miro mechanisti-
cally linked to the dynein motor complex?
Although the three studies did not address
this question, there is room for specula-
tion. Mitochondrial complex mobility
patterns suggest that they are linked to
two opposing KIF5 and dynein motors
and thus retain their ability to move bidi-
rectionally in vitro. When kinesin-driven
movement is disturbed, dynein does not
simply take over. Thus, the motor adap-
tors are reasonable candidates to coordi-
nate the activity of opposing motors on
a single organelle. In this regard, Miro’s
Ca2+-binding switch mechanism of
turning ‘‘on’’ or ‘‘off’’ the motor-MT inter-
action (Figure 1B) seems more consistent
with an emerging view of complex regula-
tory mechanisms underlying saltatory and
bidirectional movements, rather than by
affecting the attachment of transport
motors to mitochondria. In addition, the
dynactin complex might also be a candi-
date to regulate mitochondrial bidirec-
tional movements since the complex
associates with dynein and plays a role
in kinesin-mediated trafficking events
(Haghnia et al., 2007). Recent identifica-
tion of syntaphilin as a ‘‘static anchor’’ for
axonal mitochondria provides another
prominent mechanism (Kang et al.,
2008). Syntaphilin specifically targets
axonal mitochondria and mediates their
docking in a stationary status by inter-
acting with MTs. Such a mechanism
enables neurons to maintain proper mito-
chondrial densities within axons and near
synapses. It will be worthwhile to deter-
mine whether the motor-adaptor complex
and docking receptor share a single
system of regulation. It is a rare opportu-
nity to read three such elegant studies
side-by-side in addressing an important
issue in mitochondrial neurobiology.
Future studies using genetic mouse
models combined with live-cell tracking
of mitochondrial mobility in vivo will pro-
vide molecular mechanisms underlying
the complex regulation of mitochondrial
bidirectional movements and temporal-
spatial localization in axons and at
synapses.
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